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ABSTRACT   
We propose a novel method for generating axial cosine structured light by using phase-only spatial light modulator. We 
implemented axial cosine structured light using holographic technique. The computer generates double concentric 
annular slits with different radius, a prism phase is applied on the slits to tilts the beam that incidents on the slits away 
from the optical axis. Different annular beam produce Bessel beams with different axial wave vectors, axial cosine 
structured light can be obtained from the interference between two Bessel beams. The period and phase of axial cosine 
structured light can be adjusted by adjusting the radius and the initial phase difference of the double concentric annular 
beams. We theoretically and experimentally verify that the method can effectively generate axial cosine structured light. 
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1. INTRODUCTION  
Axial cosine structured light is a beam that the distribution of the axial intensity is cosine distribution. It has been widely 
used in many fields, such as optical tweezers[1-2], which can control the micron particles, nanoparticles, free electrons, 
biological cells and atoms or molecules; In structured illumination microscopy[3-4], special devices such as digital 
micromirror device (DMD) are used to generate cosine structured light to modulate signals, the high frequency 
information is moved to the low frequency detection area due to the Moire effect. The quality of cosine structured light 
directly determines the improvement of resolution. At present, there are many ways to generate axial cosine structured 
light. A mask plate with double concentric annular slits with different radius is used to generate double concentric 
annular beams[5]. When the mask plate is placed on the focal plane of the lens, each ring will generates Bessel beam 
with different axial wave vectors at the focal zone of the lens, and then interference generates axial cosine structural light. 
The two Bessel beams interfere to produce axial cosine structured light. This method requires the fabrication of a mask, 
and once the mask is completed, the phase and period of the structural light cannot be adjusted by this method. A double-
negative axicon chemically etched in the optical fiber tips was used to generate axial cosine structured light[6]. The 
double-negative axicon can generate   –phase shifted multi-ring hollow Gaussian beam with different axial wave 
vectors, and then each ring gerenates non-diffracting Bessel beams resulting in the generation of cosinoidal intensity 
distribution along the propagation direction. However, the implementation of this method is complicated, it is difficult to 
regulate the period and phase of the generated structured light. Since axicon is a very common device to produce zero 
order Bessel beam, Two axicons with different base angle are also used to generate axial cosine structured light[7,8]. 
Tuanjie Du used an axicon to generate non-diffracting Bessel beam, then the non-diffracting Bessel beam was focused 
by the second axicon with different base angle, thus the axial cosine structured light was generated[7]. Fengtie Wu used 
two axicons with different base angle to generate Bessel beams with different axial wave vectors, then, the two Bessel b-
eams interfere to produce axial cosine structured light[8]. Although the method of using axicon is simpler, the period and 
phase of axial cosine structured light are fixed and cannot be changed. 
In this manuscript, we report a novel method to address the problem, we employ holographic technique to produce 
double concentric annular beams. The computer generates double concentric annular slits with different radius, a prism 
  
 
 
 
 
phase is applied on the slits to tilts the beam that incidents on the slits away from the optical axis. Different annular beam 
produce Bessel beams with different axial wave vectors, axial cosine structured light can be obtained from the 
interference between two Bessel beams. The period and phase of axial cosine structured light can be adjusted by 
adjusting the radius and the initial phase difference of the double concentric annular beams. We theoretically and 
experimentally verify that the method can effectively generate axial cosine structured light. 
2. METHOD 
2.1 Principle 
Bessel beam is a non - diffracted beam, it has self-reconstructing characters that can continue to spread and return to its 
original state when it encounters obstacles. One of the common way to generate Bessel beams is to use an annular slit, 
placing the annular slit on the back focal plane of the lens[9]. The radius of the annular slit determines the axial wave 
vector of the Bessel beams, and the width of the annular slit determines the intensity.  Therefore, some researchers use 
concentric double annular slits to generate two Bessel beams with different axial wave vectors, and their interference on 
the axis will generate periodic intensity distribution[10]. A concentric double annular slits with inner radius 
1r and outer 
radius 
2r is placed in front of the lens with the focal length f. In polar coordinate system, the complex amplitude of the 
light field 
1( , )U r z passing through the double annular slits is 
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While, 
1( )circ r r and 2( )circ r r represent circular function of radius 1r  and 2r , respectively. 1r and 2r are the silt 
widths of the inner and the outer annular slit, respectively. The diffraction field on the output plane of z after the double 
concentric annular beams passed through the lens can be approximately expressed as (
1r and 2r 0 , which means 
the silts are very narrow) 
 
2 2 1
1 1 1 0
0 0
2 2 2
2 2 2 0
0 0
2
( , ) 2 exp( )exp( )
( )
2
2 exp( )exp( )
( )
 

  
 
 
  
 
   
  
 
     
  
r rfj j
U r z C r r ar br J
fz z z z f
r rfj j
C r r ar br j J
fz z z z f
 (2) 
and 
 
0
0 0
0 0 0
1
( )
1
( )

 
 

 
 
z f
a
fz z z z f z z
zf
b
fz z z z f z z
  (3) 
While, C is integral constant, 0z is the distance between the slit and the lens, 0J is the zero order Bessel function. The 
superimposed field is formed by the superposition of two Bessel beams generated by two annular slits. When the annular 
slits is placed on the back focal plane of the lens (
0 z f ), Equation (2) can be written as 
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Spatial intensity distribution of total diffracted field is 
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While, 
0=  is the initial phase difference of the double annular slits. In equation (5), the first two terms are constant 
terms. Since the two Bessel beams have different axial wave vectors, the phase difference between the Bessel beams is 
change with the propagation distance. Thus, the entire intensity distribution is shown as the axial cosine distribution. The 
period of structured light is calculated as Phase diagram generation 
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The period of the axial structured light can be changed by changing the radius of the inner and outer annular slits, and the 
phase shift of the structured light can be made by changing the initial phase difference of the double annular slits. 
2.2 Generation of double annular beams using hologram 
 
 
Figure 1. A phase diagram that produces double annular beams. The prism phase in the double annular slits deflects the 
beam from the optical axis. 
 
As can be seen above, the regulation of the period and phase of axial cosine structured light is equivalent to the 
regulation of the radius and initial phase difference of the double annular beams. Here, holographic technique is used to 
produce double concentric annular beams with adjustable radius and initial phase difference. The hologram is shown in 
Figure 1, the phase map is contain double concentric annular silts. The inner annular silt has a radius of 
1r  and a silt 
width of 
1r , the outer annular silt has a radius of 2r  and a silt width of 2r . The prism phase was added into the silts, 
making the beam incident on the annular silts tilted from the optical axis. The beam that incidents on the other part of the 
phase map without prism phase continues to propagate along the optical axis. Thus, the double annular beams can be 
achieved. 
  
 
 
 
 
2.3 System for generation of axial cosine structured light 
 
Figure 2. System for generation of axial cosine structured light.  L1, L2, lens; M1, M2, mirror; Obj, objective; P, polarizer; 
SLM, phase only spatial light modulator. 
 
The system for generation of axial cosine structured light is shown in Figure 2.  The collimating laser beam (the 
wavelength is 523 nm) was horizontally polarized and obliquely directed onto the phase only spatial light modulator 
(SLM, Pluto VIS 006, Holoeye). The phase hologram is loaded into the SLM before the beam was modulated and 
focused by a concave lens L1 (f=180 mm). By placing an iris at the focus of the lens, only the first-order diffracted light 
(modulated light) is reserved. Then the beam is collimated by a concave lens L2 (f=180 mm). Finally, the beam focused 
by a water immersion objective (20×, N.A. = 1, Olympus). We obtain the axial structured light at the focal zone of the 
objective. 
 
3. RESULTS  
3.1 Simulation 
To verify the validity of our method, a simulation was carried out according to the equation (5). The inner annular silt 
has a radius of 320 μm and the outer annular silt has a radius of 1600 μm. Figure 3 is the simulation result, Figure 3(a) is 
the axial cosine structured light, the intensity of the light shows a cosine distribution along the axis. The period is ~ 34 
μm. At the same time, some weak side lobes are distributed around the axis, this may be caused by the superposition of 
side-lobe of the Bessel beams. Figure 3(b) is the cross-section view of the maximum intensity of the axial cosine 
structured light indicated by the white dashed line 1 in Figure 3(a). The Bessel beams produced by the two annular silts 
constructive interference with each other at this position, and the light intensity reached its maximum. Figure 3(c) is the 
cross-section view of the minimum intensity of the axial cosine structured light indicated by the white dashed line 2 in 
Figure 3(a). The Bessel beams produced by the two annular silts destructive interference with each other at this position, 
and the light intensity reached its minimum.  
3.2 Experiment 
A phase diagram that the inner annular silt has a radius of 320 μm and the outer annular silt has a radius of 1600 μm is 
loaded on the SLM. Figure 4 is the experiment result. Taking the position of the maximum light intensity as the reference 
point, we selected the spots at several locations in a period, as shown in Figure 4. Figure 4(a) is the cross-section view of 
the maximum intensity (z = 0 μm) of the axial cosine structured light. There is a bright spot in the center, and there are 
several weak side lobes around it. When the beam travels forward by 4.8 μm, the center spot become darken, as shown in 
Figure 4(b). When the beam travels forward by 16.8 μm, Due to the destructive interference of the two Bessel beams, 
the light intensity is minimized, a dark hole appears in the center, as shown in Figure 4(b). As the beam continues to 
travel, the intensity in the central gets stronger. When the beam travels forward by 33.6 μm, the intensity of the central 
spot is back to its strongest, the intensity distribution is the same as the reference point (z = 0 μm). Finally, the period of 
the axial cosine structured light is estimated to be 33.6 μm, which agree with theoretical prediction. 
  
 
 
 
 
 
Figure 3. Simulation result of axial cosine structured light. NI, normalized intensity. 
 
 
Figure 4. Experiment result of axial cosine structured light. NI, normalized intensity. 
 
  
 
 
 
 
4. CONCLUSION 
In summary, by using holographic technique, we developed a novel method for generating axial cosine structured light. 
The computer generates double concentric annular slits with different radius, a prism phase is applied on the slits to tilts 
the beam that incidents on the slits away from the optical axis. Different annular beam produce Bessel beams with 
different axial wave vectors, axial cosine structured light can be obtained from the interference between two Bessel 
beams. The period and phase of axial cosine structured light can be adjusted by adjusting the radius and the initial phase 
difference of the double concentric annular beams. Simulation and experiment are carried out to verify the effectiveness 
of the method, and the simulation results are in agreement with the experimental results. This method will be helpful to 
the development of technologies like optical tweezers, optical modulation. 
REFERENCES 
[1] Ashkin, A., Dziedzic, J. M., Bjorkholm, J. E. and Chu, S., “Observation of a single-beam gradient force optical 
trap for dielectric particles,” Opt. Lett. 11(5), 288-290 (1986). 
[2] Omori, R., Kobayashi, T.  and Suzuki, A., “Observation of a single-beam gradient-force optical trap for 
dielectric particles in air,” Opt. Lett. 22(11), 816-818 (1997). 
[3] Gustafsson, M. G. L., “Surpassing the lateral resolution limit by a factor of two using structured illumination 
microscopy,” J Microsc. 198(Pt 2), 82-87 (2000). 
[4] Rainer, H. and Cremer, C. G., “Laterally modulated excitation microscopy: improvement of resolution by using 
a diffraction grating.” Proc SPIE. 3568, 185-196 (1998) 
[5] Chávez-Cerda, S., Meneses-Nava, M. A. and Miguel Hickmann, J., “Interference of traveling nondiffracting 
beams,” Opt. Lett. 23(24), 1871-1873 (1998). 
[6] Philip, G. M. and Viswanathan, N. K., “Generation of tunable chain of three-dimensional optical bottle beams 
via focused multi-ring hollow gaussian beam,” J. Opt. Soc. Am. A. 27(11), 2394 (2010). 
[7] Du, T., Wang, T., Wu, F., “Generation of three-dimensional optical bottle beams via focused non-diffracting 
Bessel beam using an axicon,” Opt. Commun. 317, 24-28 (2014). 
[8] Wu, F., Liu, B., Lu, W. and Ma, B., “Experiment Study on Bottle Beam Generated by Interfering Bessel 
Beams,” Chinese Journal of Lasers. 36(11), 2899 – 2901 (2009). 
[9] Durnin, J., Miceli, J. J., Jr., and Eberly, J. H., “Diffraction-free beams,” Phys. Rev. Lett. 58, 1499 (1987). 
[10] Chávez-Cerda, S., Tepichin, E., Meneses-Nava, M. A., Ramirez, G., and Miguel Hickmann, J., “Experimental 
observation of interfering Bessel beams,” Opt. Express. 3(13), 524-529 (1998). 
 
